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SYNOPSIS 


In. the present study coarsening kinetics of cementite m quenched and tempered 
eutectoid steel was investigated. The steel samples were austenitised at 850°C for 
an hour followed by water quenching Then they were tempered at five different 
temperatures (625, 650, 675, 700 and 725°C) for 2 to 96 hours 

Particle size distribution and average particle size were measured from the mi- 
crographs taken in scanning electron microscope using secondary electron mode at 
various magnifications ranging from xlOOO to x7000 Prom the coarsening data, it 
is concluded that the coarsening takes place by carbon volume diffusion control ac- 
cording to Lifshitz-Slyozov- Wagner theory. The activation energy for the cementite 
coarsening obtained from the rate constants at different temperatures. The activation 
energy was found to be 82.65 kJ /mol. This value compares well with the experimental 
values for cementite coarsening m plain carbon steels as well as with the activation 
energy for carbon volume diffusion in ferrite available m literature The particle size 
distribution attend a pseudo steady state as expected from LSW theory. 
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Chapter 1 
Inroduction 


Among the metals and its vaiious alloys steel is finding a wide range of application 
starting fiom aeiospa.ee, automotive industries to day to day domestic applications. 
The eutectiod steel, a particular class of “steels” as a whole, has a number of potential 
applications e.g. locotyres, rail tracks, ropes, cutting tools, forging dies etc [1]. The 
presence of tiny, hard particles in a relatively soft matrix of the steel is of primary 
interest in research because the size and size distribution of all these particles influence 
the mechanical properties of the steel to a great extent. 

To get optimum properties of the material we have to have suitable microstruc- 
ture. Properties such as fracture toughness, fatigue strength etc. are dependent on 
the particle morphology. Optimum toughness alongwith good strength can be ob- 
tained with finer particles. Smaller particles offer a well bounded interface by which 

O 

microvoid formation can be avoided. Particle should be in the range of 100 A or 
less for a good combination of mechanical properties. Small particles minimise the 
oppertunity for multiple slip band pile ups, which would greatly increase the local 
pile up stress and create decohesion or particle fracture [2]. Small particles should 
be as widely spaced as possible to avoid the overlap of stress fields. This imposes 
a volume fraction limit of about 10%. Particles should be spherical to avoid stress 
concentration associated with sharp corners. Equiaxed particles help into avoiding 
the multiple pile up effects. For coherent or semicoherent particles, where dislocations 
by pass the particles instead of cutting them, are preferred to have better toughness. 
An austempered steel is found to work better than a quenched and tempered steel 
from the fatigue property point of view [3]. The reason is that due to tempering of 
the steel, a thin carbide film is produced which results in a stress concentration ef- 
fect. For the quenched and tempered steels the fatigue limit increases with decreasing 
tempering temperature [4]. 
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Now to get a particular microstructure, specific heat treatment should be done 
and during this heat treatment solid to solid phase transformation occurs. Some 
of the transformation require transport of atoms over long distances rather than 
just across an interface Such transformations include the precipitation reaction, the 
eutcctiod transformations and the celluler transformations. During the later stages 
of diffusional transformations, the system reduces its free energy by decreasing the 
area of the interphase interface while the volume fractions of the phases change only 
slightly. This process is known as coarsening. Coarsening generally involves long 
range transport of atoms. In many tranformations nucleation and growth are followed 
by coarsening. The study of coarsening kinetics helps us in Understanding the nature 
of transfoi mation in a better way. 
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Chapter 2 

Literature Review 


2.1 Introduction 

The microstructure of a two-phase alloy is always unstable if the total mterfacial 
energy is not a minimum. Therefore, a high density of small precipitates will tend 
coarsen into a lower density of larger part.cles with a smaller total mterfacial area. 
However, such coarsening often produces an undesirable degradation of P«P« '« 
such as a loss of strength or the disappearance of grain-boundary pmnmg effects W- 
As with the grain growth, the rate of coarsening increases with temperature and is o 
particular concern in the design of materials for high temperature applications. 


2.2 Particle Coarsening 


Where dispersed particles have some solubility in the matrix in winch they are con- 
tained, there is a tendency for the smaller particles to dissolve and for the material, 
them to precipitate on larger particles. The driving force is derived 
quent reduction in total interfacial energy and ultimately only a single lq.prtk 
would exist. The problem of deriving a function that dmcr.be. the rate ° < = 8 

r n tvio must take into account the relationship between particle solubili y 

:::::; p e"ouin g ^ 

particle/matrix interface or diffusion through the matrix is involved, and part, 
size distribution in the system. 


2.2.1 Mechanisms of Particle Coarsening 

There are number of coarsening mechanisms. These are 

a) Volume diffusion-controlled, 
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b) Grain boundary diffusion-controlled, 

c) Ledge mechanism, 

d) Interface controlled. 

e) Diffusion through dislocations, 

When the rate controlling mechanism is the diffusion of solute through the reg- 
ular lattice sites, the coarsening mechanism is said to be volume diffusion controlled 
(VDC) In order to establish a function relationship between the particle size and the 
time of coarsening, it is essential to make some simplified assumptions. These are 

1) The concentration gradient is considered to be time independent. This will 
allow us to use the Dick’s First law to adequately describe the concentration gradient 
under steady state conditions. 

2) The solute diffusion coefficient is independent of concentration of the solute. 
This condition will again be fulfilled because dilute solutions are generally used in 
precipitation studies. 

3) The interfacial energy of the matrix/precipitate is independent of the radius 
of curvature. This is quite true of large particles. However, when precipitate particles 
get to a size below 100 A or so, the value of the interfaciai energy becomes critical. 
Since the size of the particle at the termination of growth is of the order of 100 A, the 
interfaciai energy will not be seriously affected during coarsening. Thus a constant 
value of the interfaciai energy will be assumed for the entire coarsening process. 

4) For spherical particles, the effective diffusion distance is considered to be 
proportional to the radius of curvature of the particle. The value of the proportionality 
constant, which in reality is a complicated non-analytical function of several variables, 
is assumed to remain constant during the entire coarsening process. 

Volume Diffusion Controlled Coarsening 

This mechanism of particle coarsening was first proposed by Lifshitz and Slyozov [6] 
and then modified by Wagner [7]. This mechanism sometimes termed as LSW theory. 
This theory of particle coarsening is applicable only when the volume fraction of the 
precipitate is very small. Under this condition, the mean distance between particles 
is large compared to the dimension of the particle. Since the kinetics of coarsening 
is controlled by the diffusion of solute atom from a particle which is dissolving to 
a particle which is growing, it is expected that the mean distance between particles 
which is controlled in tern by the volume fraction of the precipitate will influence 
the rate of growth. As the volume fraction of the precipitate increases, the mean 


4 



separation between particles decreases and the distance that solute atoms have to 
diffuse on an average to become a part of the growing precipitate becomes shorter. 

Coarsening of Grain Boundary Allotriomorphs 

Gram boundaries may play an important role in particle growth, since the parti- 
cles may nucleate preferentially on gram boundaries. For particles situated at grain 
boundaries the transfer of solute atoms from smaller to larger particles can occur 
through the boundary. This will be especially so at low temperatures where the rate 
of volume diffusion is lower. 

The boundary controlled coarsening of precipitates situated at gram boundaries 
has been treated by a number of investigators. Slyozov et. al. [8] were the first 
investigators to show that the average size of the particles at the grain boundaries 
increased one-forth power of time. An independent derivation was made by Speight 
[9] confirming the results of Slyozov et. ah. Following Wagners method of volume 
diffusion controlled coarsening, Kirchner [10] used the equation derived by Speight 
and derived an expression for the steady state particle size distribution. 

In all the above cases, it is assumed that the volume fraction of the precipitate 
phase in the alloy is very small and remains constant during coarsening. In the the- 
oretical treatment of the coarsening of the grain boundary .precipitate it is assumed 
that the diffusion of solute is confined to the plane of grain boundary. The diffu- 
sion geometry for an individual particle is cylindrical concentric with the centre of 
projection of the particle in the grain boundary plane. As with the volume diffusion 
controlled coarsening the diffusion of solute is considered to occur under steady state 
conditions. 

Coarsening by the Ledge Mechanism 

Formation of coherent interface between the precipitate and matrix phases is a com- 
mon occurance. Such interfaces generally maintain a rigid habit and orientation 
relationship with the matrix. Widmanstatten ferrite plates having Kurdjumov-Sachs 
[11] orientation relationship with the parent austenite is one such example. Coherent 
interface of very low energy are also observed with the 7' precipitate/matrix interfaces 
in Ni base alloys with Si, Al and Ti [12-14]. The mobility of interfaces is critically 
dependent upon the structure of interfaces and their misorientation. Since, coherent 
interfaces have high degree of coincidence between lattices on the two sides of the in- 
terface they will have relatively low mobility. Thus the rate of growth of such ordered 
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boundaries is very low. The rate of growth can be enhanced if coherent interfaces 
have disordered steps (ledge) few atomic spacing high. The total interfacial energy 
will not get affected but with a highly mobile disordered interface rapid diffusion of 
solute can be realized. Thus coarsening can occur by the migration of ledges which act 
as a conduit for solute diffusion from the matrix to the growing precipitate particles. 

Interface Controlled Coarsening 

There is still another basic possibility under which particle growth can occur. In this 
case, the precipitate is assumed to differ in composition from the matrix. However, 
here the growth rate is controlled by the mechanism that allows the solute atoms to 
cross over from the matrix to the precipitate Thus, suppose that the time required 
for it, to diffuse to the interface. In this case the solute concentration in the matrix 
will remain effectively constant throughout the matrix [15]. However, with continued 
growth of the precipitate, the level of the concentration in the matrix has to fall. This 
means that the driving force for growth also has to fall, since it is directly related to 
the degree of supersaturation. 

2.2.2 Particle Size, Shape and Solubility 

The simplest relationship of particle size and solubility is for a spherical particle of 
radius r, non-coherent with the matrix, where the interfacial energy 7 is independent 
of orientation. This relationship is often termed as the Gibbs-Thomson or Thomson- 
Frcundlich equation and is written 



where S is the solubility of a particle of infinite radius, S r is the solubility of a particle 
of radius r containing atoms of atomic volume 0 , k is Boltzmann’s constant, and T 
is the absolute temperature [16]. Since in practice, 27 SI <C kTr, it is sufficiently 
accurate to write S r = 5*[1 + (2 7 fl/fc T r)] and this form of the equation is used in 
the subsequent analyses. 

Equation (2.1) is readily extended to the case of non-spherical particle, provided 
they are close to an equilibrium shape. If the latter condition does not hold, the 
tendency to approach this shape will occur simultaneously with the coarsening process 
[17]. At the equilibrium shape, the right-hand side of the equation ( 2 . 1 ) becomes 
(fl/kT) A t 7 ,)/d V, where V is the precipitate volume and A, is the area of a 
face of the precipitate which has inter facial energy 7 ;. Evaluation of this expression 
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is simplified by using the WulfF equation where x t is the distance of the i th face from 
the centre of the precipitate [18] and equation (2 1) thus becomes 



Experimental evidence supposing the validity of equations (2.1) and (2.2) has 
been available for a long time [19] and has been obtained principally on salt solutions. 
The principal assumptions are that the solution is ideal and that the interfacial ten- 
sion and particle density are independent of particle size. It has been demonstrated 
that interfacial tension may vary with radius of curvature but the effect is usually 
insignificant when particles are gieatcr than 1 /z in radius [20]. Further, since the 
solutions to be considered arc generally dilute, they can be considered ideal to a first 
approximation. 

2.2.3 Estimation of Growth Rate 

The driving force for particle growth is derived from the. concentration gradients 
that exist in a system containing particles of different size. The solute concentration 
around any particle is known from equation (2.1) or (2.2). Immediately, however, 
we need to ask whether atoms can transfer sufficiently quickly across the interface 
between the particle and matrix for these concentration gradients to be maintained. 
When diffusion through the matrix is the rate controlling process, the particle growth 
is then said to be “diffusion- controlled”. Conversely, when the most difficult step is 
for an atom to enter solution, the growth is then termed as “interface-controlled”. 
It is next important to decide whether the diffusion gradients change significantly 
with time or whether they may be regarded as almost time-independent. The latter 
is generally found to be a reasonable approximation and so Fick’s First law is usu- 
ally considered adequate to describe the diffusion gradients. An additional common 
assumption is that the solute diffusion coefficient is independent of solute concentra- 
tion. Since, wc usually consider dilute solutions, this assumption again would appear 
adequate. 

The behaviour of any individual particle in the system under the condition that 
solute diffusion through the matrix is the rate limiting factor is first analysed. This 
particle may be growing or dissolving, depending on the solute concentration gradient 
near its surface, and the rate of change of particle radius is derived [21] from the 
equation 

o dr . r~>*l n dS 

4 r r 2 — = 4 7T R 2 D — 
dt dll 
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(2.3) 



where dS/dR is the concentration gradient across an annulus at a distance R from 
the particle centre. Rewriting the equation after integration we obtain 


dr = DjSr - S a ) 
dt r 


(2.4) 


where S a is the average solute concentration a long distance from the particle and 
D is the diffusion coefficient. If the rate controlling step is the passage of material 
across the particle/matrix interface, then the rate of growth is given instead by the 
equation 

% C {Sr — Sa) (2 5) 

at 


where C is a constant and equation (2.5) replaces equation (2.4) when D is very much 
gi cater than the product Cr When D is of the same order of magnitude as Cr, 
allowance can be made [7] for the simultaneous importance of both time-dependent 
processes, such that equations (2.4) and (2.5) are the limiting cases, and the full 
equation then becomes 


dr _ (Sr ~ Sg) 

dt ~ (Cr + D) 


( 2 . 6 ) 


We now take into account further conditions which the system may approximately 
satisfy. When the particle solubility is small, the total number of atoms contained 
in the particles is constant, independent of particle-size distribution. This may be 
expressed as 

£4irr = 0 (2.7) 

Undue difficulties are not introduced if the particle solubility is not small and particles 
not widely spaced [22]. We can make a substitution for § from equations (2.4), (2.5) 
or (2.6) into equation (2.7). Dealing first with the diffusion-controlled case, equation 
(2.4), we obtain 

£-4 7rr,D(S rt - Sa) = o (2.8) 


Taking into account equation (2.1) we now make further substitution for S Tt and we 
obtain the equation 


£4*r,Z>[s a -s(l + f^r) 


0 
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Figure 2.1. The variation of growth rate with particle radius r for diffusion- 
controlled growth. 


On rearranging this equation, we can write 


(Sa ~ S) ^2 r * 


£ 


2 7^5 
kT 


2n~f£lS 

kT 


where n is the total number of particles in the system at any instant and it is noted 
that the value of £ ^ = r , the arithmetic mean radius of the particles in the system. 
With this substitution again using equation (2.1), it follows that 




/2t ns \ / i _ i 

V kT ) \f r 


(2.9) 


Combining equations (2.9) and (2.4) we derive the increase in radius of any particle, 
which is thus given by the following equation 


dr _ f2D S-fCl\ /l IN 
dt \ kTr ) \r r ) 


( 2 . 10 ) 


The variation of particle growth rate with radius is shown in Fig. 2.1. Particles of 
radius equal to the mean radius of the system are instantaneously neither growing nor 
dissolving. Particles of radius < r are dissolving at increasing rates with decreasing 
values of r. All particles of radius > f are growing but the graph shows a maximum 
value for the growth rate that corresponds to the particle which is twice the mean 
radius. Over a period of time the number of particles decreases discontinuously when 
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particles dissolve and disappear. It is a consequence of this that the system would 
ultimately tend to form one large particle. Long before reaching this state, however, 
the mean particle radius r increases as the number of particles decreases and thus the 
growth rate of the whole system slows down. 

Fig. 2.1 has other interesting features. It is apparent that if all the particles 
were initially of the same radius there would be no growth in the system. Any 
slight deviation from this situation, however, leads to instability, since if any particles 
become even slightly greater than its neighbours that particle will continue to grow 
at their expense. Thus a particle-size distribution of limited range will become wider 
in its spread for increasing times. Even from the elementary analysis above, however, 
it is clear that the spread of paiticle sizes will be limited. This conclusion is reached 
because of the sharp maximum in Fig. 2.1 Although any particle of radius greater 
than twice the mean value continues to grow, it docs so at a rate slower than that for 
particles which are somewhat smaller. It follows that particles which have a radius 
much more than twice the mean radius of the system cannot exist in the system. It 
is thus apparent that there must he some relatively sharp cut-ofF in the particle-size 
distribution curve. The above analysis indicates a cut-off at about twice the mean 
radius. More detailed analyses [6,7], reviewed later, confirm this general confinement 
of particle-size distribution though they indicate that particles which aj^e more than 
1.5 times the mean particle radius in size cannot continue to exist. The fuller analyses 
further indicate that the distribution reaches a pseudo-static form. 

We next turn to the case where the growth kinetics is determined by interface 
control and begin by combining equations (2.5) and (2.7), from which it is deduced 
that 


-47r r^C(S Tl -S a ) = 0 
Using equation (2.1) and making further rearrangements 

(5 a 


( 2 . 11 ) 


s) £ n ! = 


So that S a — S r 
obtain 


2yClS 

kT 



kT 

and by substituting from equation (2.5) we 


dr 

dt 


2 CqO 5 

kT 


' £r, 

X r ? 


r 

r 


( 2 . 12 ) 


Equation (2.12) describe the growth rate of any particle when the kinetics depends on 
interface control and is analogous to equation (2.10), which describes the diffusion- 
controlled case. 
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The elementary analyses given above describe completely the physical parameters 
involved in a solution of the problem but they tell us nothing of the effect of spread 
of particle sizes or of the detailed change of particle distribution with time. 


2.2.4 Particle Size Distribution 


A particle-size distribution coefficient, f(r,t), can be defined that corresponds to the 
number of particles of a given radius r at time t. The total number of particles in the 
system at any instant is thus given by 


r OO 

* = / /(r, L) dr p.Kt) 

J o 

When the particle-size distribution is initially narrow, z is constant. As the size 
distribution broadens, an increasing number of particles approach zero radius and 
disappear; thus z decreases with time. Using the following equation [7] 


&f 

dt 


djfr) 

dr 


(2.14) 


We can deduce the rate of change of the total number of particles in the system is 
given by 


dz 

dt 



— lim (fr) 

r — »0 KJ ' 


(2.15) 


We can further describe the rate of decrease in average solubility as the particle size 
increases by the equation 


dS_ 

dt 



00 Arcr 2 dr . . 

— Tt s(r ' t)dr 


(2.16) 


When particles have low solubility the rate of change of solubility must be small 
and as a first approximation equation (2.16) may be equated to zero. On making 
this approximation we can derive a value for the average concentration in the system 
in terms of the solute concentration in contact with a particle of infinite radius. 
Combining equations (2.16) and (2.6), which gives the growth for the general case of 
either interface- or diffusion-controlled growth, we obtain the rate of growth of any 
particle in the system. 


dr - 27 aS CD f, ( JT /(r,f)rdr/(Cr + D) \ 
dt ~ kTr ( Cr + D) [ r VC f(r,t)r 2 dr/(Cr -f D)/_ 


(2.17) 


Equation (2.17) gives results that are closely analogous to equation (2.10) when Cr»D 
and to equation (2.12) when Cr<D. 
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The form of curve derived from equation (2 17) is not dissimilar from Fig 2.1. 
It leads, only m the diffusion-controlled case and not in the general case, to the 
simple prediction that the fastest growing particles is that which has twice the mean 
radius of the particles in the system. It does not indicate, however, that a narrow 
particle-size distribution will initially spread and that spreading will be restricted 
since very large particles in the system grow less rapidly than particles that are 
somewhat smaller. Equation (2 17) can be used to deduce the rate of change of the 
particle-size distribution with the time and to estimate the time required for the 
size distribution profile to reach a pseudo-static value. Further analysis derives from 
equations (2. 14) and (2.17) in the form 


g/fcQ = Z 2 t ng d r CD_ _ fjryt) 
dt kTr * dr Cr + D (r 1 r 


(2.18) 


where r* is the radius of a particle that is neither growing nor dissolving. To appreciate 
the implications of equation (2.18), we can either take an arbitrary initial particle- 
size distribution function or, more generally, manipulate the equation to show that 
a quasi-static distribution profile in terms of pr will ultimately be achieved which is 
independent of time. 


Time-Dependence of Particle-Size Distribution 


Wagner [7] showed how relatively simple expressions could be obtained from an initial 
particle-size distribution function assumed to take the form of a narrow Gaussian 
curve: 

(r - f 0 y 


/(r,i = 0) = S exp 


2 elf* 


(2.19) 


where f 0 is the mean particle radius, er 0 is the standerd deviation and, since the 
distribution is narrow, e, < 1. Substituting this value of f(r,t) in the growth equation 
(2.18) we obtain 

dt _ 2 CD_ 

dt r%kT Cr 0 + D 6 

which has a solution for the value e(t) at any time t given by 

e(t) - t 0 exp Q 

where r is an effective time conatant for the rate of spread of the distribution and is 
expressed as 

f\kT Cf 0 + D 


T = 


2-fClS CD 


( 2 . 20 ) 
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The distribution is effectively stable unless the time allowed for growth is at least of 
the same order of magnitude as r . For diffusion-controlled growth where Cf 0 ^> X), 
we note that t oc r 3 and interface- controlled growth where C r 0 <C D, then r a f„, 
There is clearly a limit to the extent of spreading of the distribution in the 
above form when some particles begin to dissolve we first consider the case when 
diffusion transfer is rate controlling. From equation (2.10) we deduce that ^ oc r ~ 2 
for r <C f and it follows that f(r,t ) oc r 2 for values of r near zero. Using this latter 
proportionality, it is convenient to write f(r,t) as the product of a time function g(t) 
and a particle- radius function p 2 hi ( p ) where p = r/r*, so that for p ~ 0,hi(p) = 1. 
Now in diffusion-contiollcd growth from equation (2.17), r* equals the mean radius f 
since 




IT r f (r 1 0 ^ 


IT I(r , 0 dr 

Wagner [7] has shown how this equation can be satisfactorily solved and confirmed the 
finding of Lifshitz and Slyozov [6] that the solution corresponds to a quasi-stationary 
form of particle-size distribution, i.e. a distribution that retains the same profile when 
the abscissa is = r/r* (f) . Thus f(r,t ) oc p 2 h x (p) and it can be shown that 


/(r,t) oc p 3 


3 

7/3 

1.5 

11/3 

exp 

P 

3 + p 


15 — p 

1-5 ~ P. 


( 2 . 21 ) 


for p < 1.5 and f(r,t) = 0 for p > 1.5. This implies a sharp cut off in the distribution 
such that no particles exist at long times that have a radius >1.5 times the mean 
radius of the distribution. The distribution has a maximum at p — 1.135 and the 
form of the distribution is shown in Fig. 2.2. 

For times that are long compared with r, an expression is derived for the ap- 
proximate variation of mean particle radius with time 




'8D S fit' 

. Q~kT . 


( 2 . 22 ) 


for growth under diffusion-controlled conditions. We note that equation - (2.22) is 
almost identical with the result of integrating equation (2.10) in the elementary theory 
and assumption that the mean radius is increasing at half the rate of that of the fastest 
growing particles. 

The more detailed theory allows further predictions. Since the total volume 
fraction occupied by the dispersed precipitates is constant, the rate of change of the 
number of particles with the time dz/dt can be calculated. We arrive at an expression 
z(t) = z 0 /( 1 + ntfr) where a is a constant ~ 4/9. This equation is also similar to 
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Figure 2.2: The form of particle-size distribution f(r) predicted after long period of 
time under conditions of diffusion- controlled growth. 


the rate of change of the number of particles by colliding [23], but the latter process 
is unlikely to be of importance in solid matrices except perhaps when the precipitates 
are gas bubbles [24]. 

The case for interface- control can be treated in a way closely analogous to the 
above. The principal difference arises from the deduction from the equation (2.12) 
that now drjdt oc 1/r for r <C r and so in this case we consider the most useful 
particle-size distribution to take the form phi(p). Since the particle radius r* which 
is now neither growing nor dissolving is given from equation (2.17) by 


/ 0 °° r 2 /(r,t)dr 
/ 0 °° rf(r,t)dr 


We again arrive at an equation for h 2 (p) similar to that derived for hi (p). Further 
requirements, however, which must be satisfied on the basis of equation (2.12) lead 
to the function h 2 (p) not being identical with hi (p) and a detailed analysis is again 
necessary. It is found that 


ph 2 (p) oc /(r,f ) a p 



(2.23) 


for p < 2 and f(r,t) = 0 for p > 2. 

Again we have a cut-off in the particle-size distribution, which occurs at a particle 
radius equal to twice that of the particle which neither growing nor dissolving at the 
instant. The latter radius r* can be shown [7] to be equal to 9 r/8 and the shape of 
the curve is shown in Fig. 2.3. 
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Figure 2.3: The form of particle-size distribution f(r) predicted after a long period of 
interface-controlled growth. 


At long times t r, the approximate relationship between mean particle radius 
and time for growth under interface-controlled conditions can be shown to be 


'64 C S'f fit" 
. 81 kT . 


(2.24) 


Thus we have equations that enable growth rates of systems to be assessed when 
the growth is predominantly by diffusion-control (equation (2.22)) or by interface- 
control (equation (2.24)). The expression relate growth rates to important physical 
parameters that can often be determined independently. Before turning to a compar- 
ison with experimental results in this field we consider the special case where diffusion 
processes do not take place isotropically through the matrix volume but are confined 
to grain boundaries. 


2.2.5 Growth of Particles Situated on Grain Boundaries 

Grain boundaries may play an important role in particle growth, since particles may 
tend to concentrate on grain boundaries by finding it easier to nucleate there. They 
may further pin the boundaries to restrict their movement because of the parti- 
cle/grain boundary binding energy [25]. Especially at relatively low temperatures 
(< ~ 0.6 T m ) and when the mean particle size is small, the gram boundaries are the 
principal paths for transport between particles A treatment of this problem has been 
given for the diffusion-controlled case [9]. It is unlikely that the interface-controlled 
case would be important in practice, since the majority of solute atoms would be 
expected to leave the precipitates at areas away from the grain boundary. 
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Figure 2.4: The simplest equilibrium shape of precipitate situated on a grain boundary 
consists of two spherical caps 


It is first necessary to analyse the way in which the grain boundary influences the 
equilibrium particle size. Full analysis of this for particles with crystallographic faces, 
where equation (2.2) would normally apply, is complicated [26]. The analysis is much 
simpler for particles that would normally be spherical in shape. When situated on a 
grain boundary and with boundary tensions in equilibrium, such a particle takes a 
form bounded by two symmetrical spherical caps as in Fig. 2 4, the angle 2 6 to their 
tangents at any point on the line of intersection being given by 7 5 = 27 cos 0, where 
7 P is the grain boundary energy per unit area Developing a similar but somewhat 
more detailed argument than that behind equation (2.1), we find that 


In 



(27 - 7 g ) a 

kTy 


where 2y is the thickness as defined in Fig. 2.4. We note that for 27 < 7 P the 
equation does not hold, since the particle then spreads along the boundary and no 
longer has a discrete form. From the geometry of Fig. 2.4 we readily deduce that 
(27 — 7 g )/y = 27(1 — cos 6 )/y = 27/r, where r is the radius of the spherical 
caps. Hence, we obtain a precisely analogous equation and there is no ambiguity in 
notation. Since r can be taken either as the radius of a cap for a grain-boundary 
particle or of an entire sphere when the particle is not on boundary. 

The next step in the analysis is to determine the rate of change of particle volume 
in ter ms of the simplest geometrical parameters and this can be shown to be 
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(2.26) 

(2.27) 


where A is a constant defined as above for a given system. 

Following the earlier treatment for diffusion-controlled particle growth, but now 
writing the steady-state equation for diffusion entirely confined to the of the boundary, 
we have 


6 7r Ar 2 — = 2 7r D g xw — (2.28) 

ChL CLjC 

where D g is the solute diffusion coefficient in the grain boundary , w is the grain 
boundary width, and dS/dx the solute concentration gradient at a distance x from 
the particle centre. Integrating equation (2.28) we find 


Jr D g W ( SgL ~ Sgr) 

dt 3 Ar 2 ln(L/r) 


(2.29) 


where S gT is the solute concentration in the grain boundary adjacent to the particle 
surface and S q i , the concentration at a distance L away. Since the total volume of 
all particles is again constant r 2 dr I dt = 0 and using this in conjunction with 
equation (2.29), then 


DgW \ q _ c _ 2 7^-S'g ' 
3 A ln(L/r t ) L sL 9 kTr t . 


(2.30) 


where S g is the solute concentration in the grain boundary near an infinitely large 
particle. Since usually L > r, ln(L/r t ) is approximately constant and can be written 
as B. Its value can be most simply estimated from the relation B ~ (1/2) ln(l/f), 
where f is the fractional area of grain boundary occupied by the particles. Continuing 
the analysis along the line developed earlier, the rate of growth of a particle of radius 
r, is given by 


Jr, _ 2 Dg Sg vrytt D(l/ r ») _ }_ 
dt ~ ZABkTr t 2 n r, 


(2.31) 
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Thus, any particle greater than the harmonic mean radius r m at any instant is growing 
and particles smaller than this are dissolving. Particles of radius r = 3r m /2 are 
growing at the faster rate and the maximum growth of particles over a period of time 
t, is for those whose radii remain close to this value throughout their growth. A full 
statistical analysis for the case of growth of particles on a gram boundary has not 
yet been developed, but one can observe by integrating of equation (2.31) that their 
growth will follow a law of the form 


ADgSg~j£lwt 

3~aW1cT 


(2.32) 


from initial radius r 0 to final radius r/ of the fastest growing particles. On average 
the particles will glow at a rate somewhat slower than predicted by equation (2.32) 
but generally particle growth expected to follow an equation of this form and the 
forth power of the average particle radius is thus expected to increase approximately 
linearly with time. This contrasts with the growth of precipitates by diffusion control 
where the diffusion flux takes place in three dimensions through the matrix. In the 
latter case the third power of the radius increases linearly with time. 

This difference in the time-dependence of the change in average radius is not the 
only feature that in theory distinguishes the growth of precipitates on grain bound- 
aries from the growth of precipitates within the grains. A major difference is that 
we are dealing with grain-boundary diffusion, which is characterised by an activation 
energy much less than that for the diffusion within the matrix. There is consequently 
a less-strong dependence on temperature for the growth of grain-boundary precipi- 
tates and for this reason their preferential growth likely to be predominant only at 
relatively low temperatures. 

So far we have considered the growth of precipitates in the matrix and that of 
precipitates on the grain boundaries as being entirely separate processes. This is a 
convenient separation for theoretical analysis of the respective growth mechanisms, 
but it may well be less relevant to the modes of growth that can occur in practice. At 
some intermediate temperatures there is likely to be competition between particles 
on the grain boundaries and those within the grains. In particular, the shapes of 
the particles on the grain boundary (Fig. 2.4) are such that their effective size is 
governed by the radius of the spherical caps (equation (2.27)). Thus, a particle 
of given volume on a grain boundary has a larger driving force for growth when 
compared with a particle of the same volume within the matrix. Further, there 
may be change with time in the relative importance of grain boundary and matrix- 
growth processes. Initially, we may expect particles on grain boundaries to grow at a 
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relatively fast rate. Their growth rapidly decreases, however, as the average particle 
size inci eases (equation (2.31)) and at some stage grain boundary particles will tend 
to grow primal ily at the expense of neighbouring particles situated within the matrix. 
This situation is likely to be a complicated one to analyse in detail and will depend on 
the p article sizes, concentiation and grain size. It is conceivable that some systematic 
fluctuation in neighbouring particle sizes may be developed for particles within the 
grain, for example, those matrix particles adjacent to grain boundaries may dissolve 
in favour of the growth of the grain-boundary particles, but the particles in the matrix 
that are in the second row would initially tend to grow because of the depletion of the 
particles between them and the grain boundary Thus, there would be some tendency 
for alternate rows of particles to grow and dissolve on average, though the amplitude 
of these fluctuations would be expected to decrease rather rapidly with distance away 
from the grain boundary The importance of the processes outlined above has not yet 
been investigated experimentally. Possibly they are of no great importance because, 
at temperatures well below the melting point, the particle growth process is rather 
slow except when particles are very small and it may be that the average growth rate 
could generally be too slow to be of real significance except, perhaps, at relatively 
short times. 

It is mentioned again that no case has been worked out for interface-controlled 
particle growth of grain-boundary particles. The reason for this is not difficult to 
find, since interface-controlled growth requires a given probability of atoms leaving 
any area of the particle surface. If atoms leave a particle not along the grain boundary, 
some diffusion through the lattice to the grain boundary is necessary. This implies 
that interface-controlled growth is unlikely to have a clearly defined relevance to the 
growth kinetics of particles on grain boundaries. 

2.3 Experimental Studies of Particle Growth 

The theoretical analyses previously outlined have not all received reliable experimen- 
tal confirmation and at present firm support seems to have been provided only for the 
diffusion-controlled growth of particles within the matrix. The first measurements of 
growth rates followed the conditions specified in the earlier growth theories, namely, 
that the particles existed in a strain-free medium which was usually a liquid phase. 
Such experiments had the further advantage that diffusion in the liquid was rather 
faster and experiments could be done in somewhat shorter periods of time and for 
particle sizes that were relatively observed [21]. 
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Mote recently, attention has been devoted to the coarsening of particles entirely 
in solid matrices and many such studies have been reported’ that cover both experi- 
mental and theoretical aspects [13, 14, 27-39]. Some measurements have been made 
of particles contained entirely within thin foils and examined by transmission electron 
microscopy [13,14]. Such measurements can then be made with considerable precision 
and it is especially interesting to know whether the theories are adequate to explain 
growth in the cases where one must also take into account the possible influence of 
strain fields induced by the particles and the further possibility of that interfacial 
energies vary with particle size. Recently it has also been shown feasible to obtain 
accurate quantitative measurements of particles too great to be accomodated entirely 
within thin foils yet too small to be observed by optical microscopy [40,41]. 

Increasing attention has placed on the method of plotting experimental results. 
It is only in the cases where the initial average radius of the particles is very small 
that it is appropriate to present results as a logarithmic plot of the variation of mean 
paiticlc ladius with time. In the more general case, where the mean initial radius of 
the particles of the system is not negligible, it is simpler to assume a law of particle 
growth and for example, plot the cube of the mean particle radius vs. time. Any 
departure from linearity in such a plot indicates that a wrong exponent of particle 
radius has been chosen or that an alternative relationship is required. 

The first studies of particle coarsening in entirely solid system [27] were on a 
system involving cobalt particles dispersed in a copper matrix and used magnetic 
methods for average particle size measurement. -The studies were aimed principally at 
the determination of a critical particle size for precipitation-hardening. The variation 
of mean particle radius with time, however, was also determined and showed quite 
clearly that r 3 was proportional to t. This work thus formed the basis of the first 
published account of experimental results supporting the theory of diffusion-controlled 
particle growth in a solid system. Of particular interest was the known coherency of 

v 

small particles and the matrix in the system. The lattice misfit between copper and 
cobalt is relatively large (~2%), but despite the strain fields resulting from coherency 
the growth/time relationship appears unaffected. A re-assessment of the experimental 
results [14] has shown that there is a significant but not substantial change necessary 
in the value of some parameters of the growth equation (2.22) to obtain quantitative 
agreement between theory and experiment. 

A considerable amount of further attention has recently been given to the influ- 
ence on particle growth of strain due to coherency [42-44]. It has been convincingly 
argue that a coherent precipitate, because of its associated strain energy, must always 
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have a higher solubility than a noncoherent precipitate of the same phase. Although 
some alteration of the magnitudes of growth parameters is anticipated, serious mod- 
ification to the general form of the growth analysis is not expected to be required 
[ 6 ]. 

The tlicoiy ol particle coatsening by diffusion-control has also been applied to 
the case where particles have a markedly non-spherical shape. Studies of copper 
precipitates in an cr-iron matrix [33] indicate that there is a large anisotropy in the 
particle/matrix interfacial free energy Despite’this, the cube of the effective particle 
radius was again linearly proprotional to time. In this system, however, a number 
of complicating features may be envisaged in a quantitative analysis of the situation. 
In particular, since some coherency strains are likely, the particle shape would be 
modified from the true eqilibrium form determined purely by interfacial energy cin- 
sidcrations. It is not surprising then that equation (2.22) does not predict growth 
rates precisely when the values of unmodified parameters are used in the theoretical 
calculation. 

The most detailed information is on the Ni-Al system [13,14] where much work 
has been done on the coarsening of Ni 3 Al (f) particles. These studies have generally 
confirmed the relationship that the cube of the mean particle radius varies linearly 
with time and, in addition, since the size distribution of the particles has been mea- 
sured, valuable statistical information has been obtained. The experimental results 
establish that there is a quasi-stationary particle-size distribution and a marked cut- 
off in the distribution curve The point of cut-off, however, tends to at a value rather 
higher than 1.5 times the mean particle radius but the form of curve is roughly sim- 
ilar to that predicted theoretically by Lifshitz and Slyozov [6] and Wagner [7]. On 
this point it is worth noting that, though the analysis of particle-size distributions is 
sound mathematically, the approximations implicit in the theory appear to result in 
some numerical discrepancies. From equation (2.10), and as illustrated m Fig. 2.1, 
the fastest growing particles are those of twice the mean radius of the system and it 
would thus be expected that there would be a cut-off in the particle-size distribution 
curve at a radius approximately equal to twice the mean radius. According to the 
statistical analysis of particl^size distributions from equation (2.21), which is also 
based on equation (2.10), particles that are greater than 1.5 times the mean radius 


do not exist. 

In the nickel-aluminium system there is excellent agreement between experimen- 
tal results and the predictions of equation (2.22) and no alterations to any parameters 
are required, despite evidence of clastic interaction b e tween particles arjs^ng^from the 
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difference between the elastic modulii of precipitate and matrix. These interaction 
effects are thus at most of only second-order importance in altering the kinetics of 
the growth process and either do not significantly change the solubility and solute 
diffusion coefficient or do so in a way such that their product remains essentially 
constant. One feature assisting the close agreement between theory and experiment 
in this system may be the isotropy of the particles which are in the form of cubes so 
that an effective particle radius can be readily defined. The agreement also persists 
when pai tides axe close together and this may be accounted for by the dominating 
effect of solute concentration gradients near the particle surfaces [21]. 

Although the agreement between theory and experiment is generally less precise 
than in the case of the Ni-Al system, the usefulness of the theory is becoming evident 
in assessing the behaviour of an increasing number of other systems. An example is the 
growth of manganese precipitates in a magnesium-manganese alloy which have studied 
in some detail [38] and has involved observations of sufficient numbers of .'particles to 
obtain size-distribution curves. The cube of the mean particle radius was shown to 
vary linearly with time, suggesting diffusion- controlled growth, although the measured 
rate did not agree closely with the predictions of equation (2.22) when reasonable 
values were inserted for the parameters. It must be noted, however, that calculations 
from equation (2.22) often require a more precise knowledge than is available of the 
magnitudes of the parameters involved. In the particle-size distribution curves it was 
again noted that the cut-off point was at a particle radius >1.5 times the mean 
radius of the system. The prediction of particles, existing at long times, of radius 
~ twice the mean radius of the system which emerges as a consequence of equation 
(2.10) may be relevant in this connection, since it does not depend on subsequent 
approximations which are required in statistical development of the theory. 

Some of the most interesting experimental cases involve precipitates that consists 
of two or more components, but a full analysis of the growth process in such instances 
is likely to be much more complicated [37]. The rate limiting cases must be considered 
and very often insufficient data are available to obtain quantitative information on 
the value of parameters which are required by theory. That unpredicted effects can 
be quite large is already clear from experimental work [45]. Particularly interesting 
cases concern those where one of the species may diffuse interstitially [36]. A rather 
special case involves the growth of iron-carbide particles in an iron matrix. It is clear 
in the later case that the coarsening rate of Fe 3 C is too rapid for the diffusion of 
iron to be rate controlling but too slow for the process to depend solely on carbon 
diffusion when unmodified parameters are used. The reduced coarsening rate of F^C 
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in alloys containing chromium has long been known and it is now well established 
that carbides with general formulae M 3 C, M 7 C 3 and M 23 C 6 coarsen at rates very 
much less than Fe 3 C [45]. It has been suggested that the coarsening of the series of 
carbides is related to the rate controlling step of chromium diffusion. A recent view is 
that, irr general, growth is controlled by the slowest moving species but the diffusion 
coefficients and solubility may be affected by the stress gradients that surround the 
particles Further complications can arise when the matrix is unstable and recovery 
processes occur simultaneously with the particle coarsening. 

The theory of particle coarsening limited by the rate of diffusion of solute from 
particle to particle is well substained by experiments on a variety of systems. There 
does not yet appear to be firm experimental support for particle growth limited by 
interface control in entirely solid systems, although this condition may arise when 
pat tides with contaminated surfaces gtow in a liquid phase through which solute 
diffusion is rapid [46]. 

Particle-size distribution curves have been found to assume a form which inde- 
pendent of time, in agreement with theory. There is some discrepancy, however, in 
the shape of the predicted curves and those measured experimentally. In particular, 
it appears from experimental results that particles which have a radius somewhat 
greater than 1 5 times the mean particle radius can continue to exist. 

The theory of diffusion-controlled is not greatly modified when the precipitates 
produce strain in the matrix, though the parameters describing diffusion and solubility 
may be altered numerically. 

The situation is more complicated when the particles consists of two or more 
components , both of which are different from the matrix. Growth may then be 
limited by the component that diffuses slowly but stress gradients surrounding the 
particles may be built up and may influnce growth. 

At present there is no experimental evidence for the theory of particle growth 
for grain-boundary particles at temperatures well below the melting point, but the 
theory appears to be soundly based. 

When the matrix is unstable, for example undergoing recrystallizatfon or recov- 
ery, particle-coarsening rates are affected in a way that has not yet been analysed. 
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Chapter 3 


Experimental Details 


3.1 As Received Material 

The composition of the steel, which is used in the present investigation, is given in 
the Table 3.1. The starting material was in the form of a strip having dimensions 10 
cm X 1 cm X 0.5 cm. 

3.2 Homogenization Treatment 

To get homogeneous structure the initial material was austenitized at the tempera- 
ture 900°C in a muffle furnace for 1 hour followed by furnace cooling. To prevent 
the oxidation and decarburization from the surface, the sample was kept in a box 
containing cast iron chips during the homogenizing treatment. 

3.3 Tempering Treatment 

After homogenizing treatment the initial material was cut into twenty two pieces 
having dimensions 0.5 cm X 0.5 cm X 0.5 cm. All of them were austenitised at 850 C 


Elements 

wt. % 

C 

0.65 

Mn 

1.5 

Si 

0.257 

and the other elements in a very small amounts 


Table 3.1: Composition of the Eutectoid Steel used. 
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foi 1 lioui in a mu file furnace followed by water quenching. Among the twenty two 
samples two samples were kept separately to study the microstructure after quenching. 
Each of the twenty samples was given separate tempering heat treatment. Four 
difTeient temperatures, 625, 650, 675, 700 and 725°C were choosen and at these 
temperatures lour different holding times 2, 24 48 and 96 hours were selected. 

3.4 Scanning Electron Microscopy 

These samples were subjected to conventional metallographic polishing followed by 
etching using 2 % Nital (2 ml concentrated nitric acid and 98 ml ethyle alcohol). 
For quantitative metallography of the tempered microstructures scanning electron 
micrographs were taken using a JEOL (JSM-840A) scanning electron microscope 
at various magnifications. At least five micrographs of each sample at different mag- 
nifications were taken from different regions of the sample using secondary electron 
mode. Quantitative metallography was carried out with these micrographs. 

3.5 Quantitative Metallography 

The particle sizes were measured by line intercept method. The chord lengths were 
measured by putting a grid paper (2 mm square size) on the SEM micrographs of 
known magnifications. For each samples, at least five different micrographs taken 
from different regions at various magnifications were considered and then the average 
result was taken. Now to get the average radius of the cementite particles, this average 
chord length was multiplied by a multiplying factor of | [47]. For each treatment on 
an average 300 particle sizes were measured. 
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Chapter 4 

Results and Discussion 


4.1 Microstructure 

4.1.1 Annealed and Quenched Samples 

Figure 4 1 (a) shows the microstructure of the annealed sample which reveals that it 
contains 100% pearlite. Figure 4.1 (b) shows the quenched structure which is fully 
martensitic. 

4.1.2 Tempered Samples 

It is well known that above ~ 400°C complete cementite precipitation from martensite 
occurs in a very short period and only coarsening of cementite particles occurs on 
prolonged temperating. Figure 4.2 to 4.6 shows the representative SEM micrographs 
of the different samples tempered at different temperatures and times. From these 
micrographs it is clear that the cementite particles are approximately spherical and 
distributed throughout the matrix. 

4.2 Quantitative Metallography 

Table 4.1 gives the average particle size and Table 4.2 to 4.6 gives the particle size 
distribution data of cementite particle at different tempering temperature and time. 
The average particle size is plotted against cube root of time in Figure 4.7. It is seen 
that the average particle size varies linearly with cube root of time. This conforms to 
Lifshitz-Slyozov- Wagner theory of particle coarsening by volume diffusion control i.e. 

F 3 = kt (4.1) 
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or 


r = k't 1/3 (4 2) 

where, r is average particle size, t is coarsening time and k is rate constant the rate 
constant k is given by 


k = k 0 exp(-Q/RT ) 


(4 3) 


where, k 0 is constant, R is gas constant, T is temperature in degree Kelvin and Q is 
the activation energy for the rate controlling step. The rate constant k obtained from 
the plots in Figure 4.7 is tabulated in Table 4.7. In Figure 4.8 the logarithm of the 
rate constant k, is plotted against reciprocal of absolute temperature. The slope of 
the curve in Figure 4.8 gives the activation energy of cementite coarsening as 82 65 
kJ/mol.This activation energy value compares very well with the value of 83 kJ/mol 
given by Mukherjee et al. [45]. The activation energy for carbon diffusion in ferrite 
is 83.5 kJ/mol. [48]. Hence it can be concluded cementite coarsening is controlled by 
volume diffusion of carbon in ferrite. 

According to the LSW theory of particle coarsening by volume diffusion control, 
the particle size distribution during coarsening attains a pseudo-steady state condi- 
tion. This pseudo-steady state distribution is given as: 


/(M) 


3 

7/3 

'15' 

11/3 

exp 

P 

3 + p 


1.5 - p_ 

1.5 - p_ 


(4.4) 


where, f(r,t) is the particle size distribution coefficient, p is radius ratio i.e, r/r. For 
p < 1.5 and f(r,t) = 0 for p > 1.5. This implies a sharp cut off in the distribution such 
that no particles exist at long times that have a radius >1.5 times the mean radius 
of the distribution. The distribution has a maximum at p = 1.135. A closer look 
at the data in Tables 4.2 to 4.6 shows that a pseudo-steady state distribution exists 
during the coarsening process at different temperature and time. The relative particle 
size distribution data for some representative treatments, are plotted in Figure 4.9 to 
4.12. Also plotted in these figures is the relative particle size distribution calculate 
from equation (4.4). The experimental relative size distribution compares very well 
with the theoretically expected size distribution. Negligible number of particles with 
sizes > 1.5f is found in all the treatment as predicted by the LSW theory. 
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b 


Figure 4.1: SEM micrographs of the a) as received and b) quenched sample. 
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Figure 4.3: SEM micrographs of the Sample Tempered at 650°C for a) 2 hours, b) 24 
hours, c) 48 hours and d) 96 hours. 
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Figure 4.4: SEM micrographs of the Sample Tempered at 675°C for a) 2 hours, b) 24 
hours, c) 48 hours and d) 96 hours. 
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c 


Figure 4.5: SEM micrographs of the 
hours, c) 48 hours and d) 96 hours. 


d 


pie Tempered at 700 °C for a) 2 hours, b) 24 
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Figure 4.6: SEM micrographs of the Sam] 
hours, c) 48 hours and d) 96 hours. 



at 725 D C for a) 2 hours, b) 24 



Temp 

i 

Time 

in Hours 

(°C) 

2 

24 

48 

96 

625 

40 

96 

122 

152 

650 

47 

105 

136 

174 

675 

53 

116 

145 

185 

700 

55 

127 

158 

197 

725 

61 

137 

178 

220 


'Pablo 4.1: Average Particle Size (urn) as a Function of Tempering Temperature and 
Time. 


r 

f 

Number of Particles 

2 hrs. 

24 hrs. 

48 hrs. 96 hrs. 

0.0 - 0.05 

0 

0 

0 

0 

0.05 - 0.15 

1 

1 

1 

1 

0.15-0.25 

2 

2 

2 

' 2 

0.25 - 0.35 

4 

3 

4 

4 

0.35 - 0.45 

7 

8 

6 

7 

0.45 - 0.55 

11 

11 

12 

13 

0.55 - 0.65 

16 

15 

20 

21 

0.65 - 0.75 

25 

27 

30 

34 

0.75 - 0.85 

35 

36 

41 

45 

0.85 - 0.95 

45 

48 

53 

58 

0.95- 1.05 

55 

60 

62 

69 

1.05 - 1.15 

42 

41 

47 

56 

1.15 - 1.25 

25 

26 

28 

35 

1.25 - 1.35 

15 

13 

17 

15 

1.35- 1.45 

10 

6 

4 

3 

1.45 - 1.50 

4 

2 

2 

1 


Table 4.2: Particle Size Distribution Data for the Sample Tempered at 625°C. 
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r 

f 

Number of Particles 

2 hrs. 

24 hrs 

48 hrs. 96 hrs 

0.0 - 0.05 

0 

0 

0 

0 

0 05 - 0 15 

1 

1 

1 

1 

0 15 - 0.25 

2 

2 

2 

2 

0.25 - 0 35 

4 

4 

4 

4 

0.35 - 0.45 

7 

7 

7 

6 

0.45 - 0.55 

11 

13 

12 

12 

0.55 - 0.65 

16 

18 

17 

•17 

0.65 - 0.75 

25 

26 

25 

23 

0.75 - 0.85 

35 

34 

35 

36 

0.85 - 0.95 

45 

42 

43 

42 

0.95 - 1.05 

49 

51 

53 

52 

1.05 - 1.15 

56 

56 

57 

58 

1.15 - 1.25 

35 

34 

34 

32 

1.25 - 1.35 

15 

15 

13 

14 

1.35 - 1.45 

3 

4 

4 

4 

1.45 - 1.50 

1 

1 

2 

2 


Table 4.3: Particle Size Distribution Data for the Sample Tempered at 650°C. 


r 

f 

Number of Particles 

2 hrs. 

24 hrs. 

48 hrs. 

96 hrs. 

0.0 - 0.05 

0 

0 

0 

0 

0.05 - 0.15 

1 

1 

1 

1 

0.15 - 0.25 

2 

2 

2 

2 

0.25 - 0.35 

4 

5 

5 

5 

0.35 - 0.45 

7 

9 

7 

8 

0.45 - 0.55 

11 

12 

11 

13 

0.55 - 0.65 

18 

20 

19 

20 

0.65 - 0.75 

25 

24 

27 

27 

0.75 - 0.85 

37 

37 

39 

40 

0.85 - 0.95 

45 

46 

48 

50 

0.95 - 1.05 

59 

58 

64 

65 

1.05- 1.15 

66 

64 

50 

42 

1.15- 1.25 

45 

34 

29 

25 

1.25 - 1.35 

16 

20 

18 

15 

1.35-1.45 

2 

4 

9 

5 

1.45 - 1.50 

1 

2 

1 

1 


Table 4.4: Particle Size Distribution Data for the Sample Tempered at 675°C. 
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r 

f 

Number of Particles 


2 his. 

24 hrs. 

48 hrs 

96 hrs. 

0.0 - 0.05 

0 

0 

6 

0 

0.05 - 0.15 

1 

1 

1 

1 

0.15 - 0.25 

2 

2 

2 

2 

0.25 - 0.35 

5 

5 

5 

4 

0.35 - 0.45 

8 

6 

7 

7 

0.45 - 0.55 

13 

11 

12 

11 

0.55 - 0.65 

20 

17 

18 

16 

0.65 - 0.75 

27 

27 

26 

25 

0.75 - 0.85 

40 

39 

36 

35 

0.85 - 0.95 

50 

46 

47 

•.45 

0.95 - 1 .05 

65 

58 

62 

49 

1.05 - 1.15 

42 

36 

40 

56 

1.15 - 1.25 

25 

18 

27 

35 

1.25- 1.35 

15 

13 

16 

15 

1.35 - 1.45 

5 

4 

6 

3 

1.45 - 1.50 

1 

1 

2 

1 


'Fable 4.5: Particle Size Distribution Data for the Sample Tempered at 700°C. 


Number of Particles 


2 hrs. 24 hrs. 48 hrs. 96 hrs. 


0.0 - 0.05 


0 


0 

1 


0 

1 


0 

1 


0.05 - 0.15 

1 

0.15 - 0.25 

2 

0.25 - 0.35 

4 

0.35 - 0.45 

7 

0.45 - 0.55 

13 

0.55 - 0.65 

21 

0.65 - 0.75 1 

34 

0.75 - 0.85 

45 

0.85 - 0.95 

58 

0.95 - 1.05 

69 

1.05- 1.15 

56 

1.15- 1.25 

35 

1.25-1.35 

15 

1.35 - 1.45 

3 

1.45 - 1.50 

1 


2 2 2 


4 

4 

4 

6 

8 

7 

11 

12 

11 

17 

20 

18 

31 

27 

25 

40 

41 

37 

56 

51 

45 

68 

60 

59 

51 

68 

66 

32 

40 

45 

14 

17 

16 

2 

10 

2 

1 

1 

1 


Table 4.6: Particle Size Distribution 


Data for the Sample Tempered at 725°C. 
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b igure 4 7: Average Cementitc Particle Size vs Cube Root of Time as a Function of 
Different Tempering Temperatures. 


k 

( nm 3 /hr ) 

f x 10- 3 
( K- 1 ) 

36570.608 

1.114 

52739.520 

1.083 

65569.927 

1 005 

81845.640 

1.028 

110884.09 

1.002 


Table 4.7: Rate Constants from Figure 4.7 and Corresponding Reciprocal Absolute 
Temperatures. 



Figure 4.8: Logarithm of the Rate Constants vs. Reciprocal of Absolute Tempera- 
tures. 
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Radius Ratio 


Figure 4 9: 
hours. 


1 at tide-size Distribution Curve for the Sample Tempered at 625° for 2 



0 0.2 0 4 0 6 0.8 1 1 2 1.4 

Radius Ratio 


Figure 4.10: Particle-size Distribution Curve for the Sample Tempered at 625° for 96 






0 0 2 0 4 0 6 0 8 1 1 2 1 4 

Radius Ratio 

Figure 4.11: Particle-size Distribution Curve for the Sample Tempered at 725° for 2 
hours. 



Radius Ratio 


Figure 4,12- Particle-size Distribution Curve for the Sample Tempered at 725° for 96 




Chapter 5 
Conclusions 


From the present investigation ol the kinetics of cementite coarsening in quenched 
and tempered enterliod steel, the following conclusions are arrived at: 

1. The cementite coarsening occurs by volume dillusion contiol according to the 
LSW tlu'ory, i.<' , the average particle size varies as cube root of time. 


2. The activation energy for cementite coarsening process is obtained as 82.G5 
k.J/mol. This compared well with the activation energy for carbon volume 
diffusion ( 83.5 kJ/mol ) in ferrite. 

3. Size distribution of cementite particles maintains a pseudo steady state condi- 
tion dining coarsening process as expected horn the LSW theoiy. 
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